For operation on the blood-free exposed heart large volumes of heparinized blood are required and the restoration of normal blood coagulation soon after the operation is completed is important. Over the past three years we have assisted thoracic surgeons in problems connected with blood coagulation in open-heart surgery, both with regard to the haemostasis of the patient before and after bypass and also in the preparation of donor blood required for the extracorporeal circulation. The experience gained is given in this report, which covers 50 cases. They include ventricular septal defects, Fallot's tetralogy, complicated forms of atrial septal defects, and complicated forms of pulmonary stenosis.
For operation on the blood-free exposed heart large volumes of heparinized blood are required and the restoration of normal blood coagulation soon after the operation is completed is important. Over the past three years we have assisted thoracic surgeons in problems connected with blood coagulation in open-heart surgery, both with regard to the haemostasis of the patient before and after bypass and also in the preparation of donor blood required for the extracorporeal circulation. The experience gained is given in this report, which covers 50 cases. They include ventricular septal defects, Fallot's tetralogy, complicated forms of atrial septal defects, and complicated forms of pulmonary stenosis.
The haemostatic mechanism of all patients was examined pre-operatively. This seemed desirable because many of the patients were of the younger age groups and might suffer from previously unnoticed haemorrhagic tendencies. These tendencies may introduce difficulties in the postoperative period which, however, can be dealt with specifically.
METHODS
In order to assess the patient's haemostasis a number of tests were carried out. Techniques for the blood coagulation tests are given by Fantl (1954) and Fantl and Ward (1960) .
DETERMINATION OF HEPARIN.-For the present work it was essential to determine blood heparin concentration in a very short time so that the proper concentration could be maintained during the operation with as little delay as possible. Postoperatively it was equally urgent to control the removal of heparin from the circulation.
The following procedure for heparin assay was adopted. Before the operation the relationship between heparin concentration and thrombin clotting time was established. To 0.2 ml. fresh normal human oxalated plasma in clotting tubes was added 0.05 ml. veronal buffer, pH 7.4, ionic strength 0.15, and (u.) of heparin in 0.154 M sodium chloride (NaCl). Into the mixture, which was kept in a water-bath at 37°C. for at least 1 min., was blown 0.1 ml. of a thrombin preparation (kept at 2°C.), and the clotting time determined. In the absence of heparin it should be 15.0± 0.5 sec. A graph was drawn relating heparin concentration and thrombin clotting time. Between 0.01 and 0.02 u. heparin in 0.05 ml.
give clotting times between 20 and 35 sec. Such determinations have to be carried out on each working day, because of variations in the reactivity of the reagents. For the heparin assay 9 ml. blood was mixed with 1 ml. 0. The heat-sterilized solution now contained only 500 u. heparin, whereas the control solution and the filtered solution still contained 2,000 u. heparin.
RELATION BETWEEN HEPARIN CONCENTRATION AND
WHOLE BLOOD CLOTEING TIME Heparin is used as an anticoagulant both in the donor's and the patient's blood. In the former case, however, non-coagulability has to be maintained for a much longer time than in the patient's blood. As the minimal amount of heparin required to produce non-coagulability in a patient's circulation during the operation has not been established, heparin concentrations and whole blood clotting times were determined on the blood of patients who received heparinized blood during and after bypass. The results are given in Fig. 1 .
From the results in Fig. 1 Since during the operation potent thromboplastic materials are liberated into the circulating blood it seems that at least 2 u. heparin/ml. blood would be required to ensure non-coagulability.
With regard to donor blood the following heparin activities were found approximately 16 hours after the addition of 4 u. heparin/ml. blood during collection (Table I) . It is seen from Table I Table I ), the calculated blood volume of the patient and the amount of heparin given to the patient immediately before the bypass. The blood volume of the patient in litres was assumed to be 1 / 13 of the body weight in kilograms. From these data it was calculated that the circulating blood contained approximately 2.5 u./ml. blood during 30 min. on bypass. A comparison of the calculated figure and the observed results is given in Fig. 2 . From these results it is seen that in 18 out of 31 cases the concentration was 2-3 u./ml. blood, i.e., 80-120% of the calculated concentration. In three cases the found value was excessive (3-4.5 u./ml., i.e., 120-180% of calculated) and in 10 cases this was unexpectedly low (1-2 u./ml., i.e., 40-80% of calculated). It is possible that these 13 results were partly due to technical errors and partly due to errors in the calculated heparin concentration. The observed heparin concentration was maintained in each patient for approximately 30 min. if it was not reduced by injection of protamine sulphate. In one case 7.7 u. of heparin was found per millilitre of circulating blood. Assays performed later on three bottles of donors' blood showed them to contain 10-14 u. heparin/ml. Inquiry established that by mistake instead of 4 u., 20 u. of heparin/ml. had been added during blood collection. This patient did not show any signs of untoward effects due to excess of heparin, and, except that larger amounts than usual of protamine were required, recovery was uneventful (Fig. 4) .
If the bypass was longer than 30 min., further injections of heparin to produce 2 u./ml. blood were given. REMOVAL OF HEPARIN BY PROTAMINE As soon as the bypass was concluded the patient received protamine sulphate intravenously and this had an immediate neutralizing effect on heparin. However, free protamine has undesirable side-effects and the amount present in the circulation should therefore not be excessive.
The The following case shows the value of postoperative heparin assays and coagulation tests in assisting to establish the reason for abnormal bleeding.
A patient (W. D. V.), 20 years of age, 50 kg. weight, showed pre-operatively a slight defect in the thromboplastin generation test which could have been due to either a mild P.T.A. deficiency or a Hageman factor deficiency. His blood contained 2.4 u. of heparin/ml. at the time bypass was concluded. He received 20 ml. of a protamine sulphate solution containing 1 g. / 100 ml. intravenously and 33 min. later no heparin was detected in his blood. A haemorrhage into the chest occurred, but heparin was still not detectable one hour later. It was concluded that the haemorrhage was not due to heparin nor to a coagulation abnormality. The situation was resolved when a haemorrhage from the incision in the right ventricle was found.
An illustration that even excessive heparinization did not produce any apparent harm to the patient and could be successfully counteracted with four injections of protamine is given in Fig. 4. (Details of heparinization of this patient are given on previous page.) Fig. 4 includes data on heparin activity as well as whole blood clotting times, which indicates that at times even low concentrations of heparin (0.25 u. /ml. blood) can cause group.bmj.com on November 6, 2017 -Published by http://thorax.bmj.com/ Downloaded from considerable prolongation of the whole blood clotting time (60 min.).
DETERMINATION OF BLOOD COAGULATION FACTORS
IN POST-OPERATIVE PERIOD In a number of instances several blood coagulation factors were determined after the administration of protamine sulphate. However, the results were only reliable if the heparin concentration was lower than 0.1 u. heparin/ml. plasma. Higher heparin concentrations masked all the reactions studied and are therefore not reported.
In the 10 cases investigated one-stage prothrombin tests were a few seconds longer than the normal controls. In a number of cases in which the one-stage prothrombin times were prolonged there was a deficiency of one or more serum factors.
Prothrombin assays were always lower than normal. Reduction to 50 to 60% of the normal level occurred in eight cases and to 70 to 90% of normal in six cases.
There appeared to be no significant reduction in factor V activity.
In eight cases in which thrombin generation tests were performed, two were normal, four were slightly abnormal, and two significantly abnormal. Thromboplastin generation tests were carried out on 10 cases; seven were normal or only slightly abnormal and three differed appreciably from normal.
Fibrinogen concentration was either determined directly by isolation of fibrin or indirectly by the thrombin clotting time. In no case was a significant reduction observed. The clots in the tubes in which whole blood clotting times were determined were observed for approximately 14 hours at 370 C. In cases where heparin was present poor clot retraction was noticed, but in specimens which were free of heparin clot retraction was not impaired. Lysis of the fibrin clot was not observed in any case. Fibrinolysis was positive in one case in which diluted plasma was used for the test.
PLATELET PRESERVATION AFTER EXTRACORPOREAL CIRCULATION
At first the Lillehei-De Wall bubble oxygenator was employed in the extracorporeal circulation, but later a disc oxygenator of the Kay-Cross type was used. In the Lillehei-De Wall machine it is necessary to apply a defoaming agent, and a silicone grease is usually used for this purpose. In order to show whether the omission of silicone coating had any deleterious effect on blood platelets, counts were carried out on heparinized donor blood and on the patient's blood before and after extracorporeal circulation. As can be seen from Table III the platelet numbers were practically unaltered in heparinized blood which was in contact with uncoated glass and stainless steel surfaces. 
DISCUSSION
The determination of blood clotting factors in the pre-operative period is advisable since the patients who have to undergo surgery are mostly young; because of their disability they lead a sheltered life, so that even a serious haemorrhagic tendency may have remained unnoticed, but may become manifest in the post-operative period. The large amounts of fresh heparinized normal blood and also citrated blood which are employed during and after the operation will mask a haemorrhagic tendency, but the turnover rate of several plasma factors involved in blood coagulation is not more than one or two days.
Among 50 patients three had a deficiency of factor VII. However, the degree of deficiency (25-50% of normal level) was not severe enough to produce haemorrhages and the surgeon found post-operative bleeding not excessive.
One patient had a severe coagulation abnormality due to absence of Hageman factor. He also had the Ehlers-Danlos syndrome. It is known that persons with the Hageman trait, despite laboratory evidence of a severe coagulation defect, do not bleed excessively even after severe trauma; but in patients with the Ehlers-Danlos syndrome haemorrhages may occur because of vascular fragility. The above patient at no time bled excessively.
Other workers have reported coagulation abnormalities in cardiac patients (Favre-Gilly, Bret, and Borel-Milhet, 1951; Hartmann, 1952; De Wall, Warden, Gott, Read, Varco, and Lillehei, 1956 ; van Creveld, 1958; Von Kaulla and Swan, 1958) .
In a number of instances it was found that the concentration of one or more plasma components of the blood clotting system was reduced after neutralization of heparin by protamine. However, in no case was the reduction sufficiently great to be a likely cause of a haemorrhagic tendency. The Apart from these observations, the omission of silicone seems to be justified as is seen from the determination of platelet number in the immediate post-protamine period. In the average no significant change of the platelet numbers was detected, although we are informed that by the third post-operative day in all cases the platelets had dropped significantly to a minimum level which averaged 45% of the original count (R. A. Hayes, unpublished observations). This is in general agreement with observations made by Crafoord, Norberg, and Senning (1957) and by De Wall, Long, Gemmill, and Lillehei (1959) .
It would appear that coating the oxygenator with silicone is undesirable because of the danger of deposition of silicone in the patient's body and unnecessary for the prevention of platelet loss.
However, the use of non-siliconed apparatus may not always be practicable because of the collection of gas bubbles on the uncoated surfaces, especially at high flow rates, with consequent danger of air emboli. The answer to this problem probably lies in the use of a solid, non-wettable material either as a coating for glass and metal components or as the actual material from which the apparatus is fabricated.
There is disagreement in the literature on the quantity of protamine required to neutralize a given quantity of heparin. Under our experimental conditions a protamine: heparin ratio of approximately 2.5: 1 was found for complete neutralization, both in vivo and in vitro. The complete neutralization of heparin is important in preventing abnormal post-operative bleeding.
The reappearance of heparin after its neutralization was observed in several instances and it is believed to have been responsible in some cases for haemorrhage because repeated protamine administrations stopped excessive bleeding. This so-called " heparin rebound" has been reported by Effler, Kolff, Groves, and Sones (1956) . Reappearance of heparin can be explained partly by the liberation of heparin from the heparinprotamine complex by a plasma enzyme.
Our experience indicated that a heparin concentration of approximately 2.5 u. /ml. is adequate to maintain non-coagulability and that a much higher concentration did not seem to offer any advantage.
We have observed a loss of approximately 30% of heparin during storage of heparinized blood at 60 C. for approximately 16 hours.
SUMMARY
A technique for determination of heparin in whole blood which can be carried out in a few minutes is described.
Precautions for the preparation of heparin solutions are given.
A loss of heparin activity on storage of heparinized blood is reported.
Heparin concentration in patients' blood was determined during and after extracorporeal circulation for open-heart surgery.
The weight of protamine required to neutralize a given weight of heparin was found to be approximately 2-2.5 times the weight of heparin, in vivo and in vitro.
In occasional cases reappearance of heparin in the patient's blood after neutralization by protamine was observed.
The value of determining blood coagulation factors in cardiac patients before and after openheart operations is indicated.
The results of pre-and post-operative coagulation tests are presented and discussed.
It is shown that human blood platelets are preserved in heparinized blood in contact with non-siliconized glass and stainless steel surfaces. 
